Benzaldehyde (Bz) is a typical fragrant compound for peach-flavored beverages. In the food and beverage industries there is great demand for a sensitive and easy detection system of Bz in order to ensure product quality control and to avoid contamination. For the noncompetitive detection of Bz, we applied an open-sandwich enzyme-linked immunosorbent assay (OS-ELISA) utilizing an antigen-dependent reassociation of antibody variable region fragments, VH and VL. We cloned the VH and VL genes of an anti-Bz monoclonal antibody, and the fragments were individually expressed and purified as a bacterial alkaline phosphatase (BAP)-conjugated form for VH and as a thioredoxine (Trx)-fused form for VL, respectively. Using these VH and VL fragments, we successfully constructed the OS-ELISA system for Bz detection. The Bz-induced formation of a trimolecular complex composed of VH-BAP/Bz/Trx-VL was readily detected by a dosedependent increase in the BAP activity of the VH-fusion protein.
Introduction
compared to general competitive assays. However, conventional sandwich ELISA has a fundamental limitation that the target Benzaldehyde (Bz) is an important small compound with many antigen must be large enough to harbor two epitopes to be applications in the food, fragrance, and pharmaceutical captured by specific antibodies. In order to overcome these industries. Especially, Bz is one of the most popular peach drawbacks and to noncompetitively measure low-molecular flavors used in beverage industries. Because the same automated weight compounds, a novel immunoassay approach, called open bottle-filling production line is routinely used for other beverages sandwich (OS)-ELISA, was previously proposed by Ueda and with different flavors in a beverage factory, the production line coworkers. 1, 2 Briefly, this assay utilizes an antigen-induced must be free from previously used fragrant molecules. Generally, enhancement of the generally weak interaction between antibody extensive washing and rinsing using a large amount of variable region VH and VL fragments. With the use of medium-hot water are applied to avoid any cleaning failure. enzyme-tagged VH and immobilized VL fragments, one can Close monitoring of the presence of trace fragrant compounds measure less than 10 ng/ml of antigen in a shorter time period in cleaning discharges will simplify the cleaning process, and than by a conventional sandwich ELISA, due to the omission of will consequently cut the cost and time of beverage production. incubation/washing steps. The assay was also found to be Therefore, an analytical method that allows rapid and sensitive compatible with a number of haptens, such as a peptide and a detection of trace amounts of a low-molecular weight fragrant chemical, and could accomplish a similar or a lower detection compound, such as Bz, is indispensable to the food and beverage limit as well as a wider working range. 3, 4 industries in order to avoid contamination of undesired flavors.
In this study, in order to easily detect Bz sensitively, we Enzyme immunoassay is a widely used technique for the cloned the genes of the antibody variable regions from a specific detection and quantification of various molecules. A hybridoma producing anti-Bz monoclonal antibody, and applied noncompetitive immunoassay, such as a sandwich enzyme-them to the OS assay system for the noncompetitive detection of linked immunosorbent assay (ELISA), is a preferred method, Bz. since it has several advantages, such as higher specificity and † To whom correspondence should be addressed. The collected cells were mixed with murine myeloma Sp2/0-Ag14 (Dainihon Sumitomo Pharmacy), in a ratio of 10:1 (7.6 × 10 7 lymph cells and 8 × 10 6 myeloma cells) and centrifuged. One milliliter of polyethylene glycol 1500 was added drop by drop to the cell pellet. Then, 4.5 mL of Dulbecco's modified eagle medium (Gibco, USA) was slowly added over 3 min, and another 4.5 mL was added over 2 min. After centrifugation (185g, 10 min), the cells were resuspended and grown in a HAT selection medium (GIT medium containing 10% FBS, 10% BM-condimed H1, 0.16 mM hypoxanthine, 0.016 mM thymidine and 0.4 µM aminopterin). On day 9, supernatants were collected and screened for producing the anti-Bz antibody by indirect competitive ELISA using CBz ovalbumin as an immobilized antigen and Bz as a competitor. Under an optimal assay condition, the anti-Bz monoclonal antibody screened could detect Bz at a concentration as low as 50 ng/ml.
Experimental

Cloning and mutagenesis of bacterial alkaline phosphatase
The genomic DNA of Escherichia coli (E. coli) strain BL21 was extracted from overnight culturing and precipitated by isopropyl alcohol. The bacterial alkaline phosphatase (BAP) gene was amplified from the isolated genomic DNA by a polymerase chain reaction (PCR) with primer pairs BAP-5′ (5′-GCCGAGACTTATAGTCGCTTTG-3′) and BAP-3′ (5′-TCTGCCATTAAGTCTGGTTGC-3′). All of the PCR reaction was performed using PrimeSTAR Max DNA polymerase (Takara-Bio, Japan), unless otherwise indicated. The purified PCR product was then used as a template to append the XhoI/NotI restriction site by PCR with primers BAPfXho (5′ GTGGTGCTCGAGCCTGTTCTGGAAAACCGGGCTGCTC 3′) and BAPrNot (5′-GATATAGCGGCCGCCCTGTTCTGGA AAACCGGGCTGCTC-3′), and the reamplified DNA was cloned into the XhoI and NotI site of the bacterial expression vector pET22b(+) (Novagen) (designated pET22-BAP). For Asp101Ser mutation, mutagenic PCR was performed with primer pairs BAPsD101S (5′-GTCACCAGCTCGGCTGCATC AGCAACC-3′) and BAPaD101S (5′-AGCCGAGCTGGTGAC GTAGTCCGGTTT-3′) using pET22-BAP as a template. The reaction condition was 35 cycles of 98°C for 10 s, 58°C for 5 s, and 72°C for 1.5 min.
The resulting PCR product (Asp101-mutated plasmid, designated pET22-BAP(D101S)) was transformed into E. coli Match-1 (Invitrogen). The sequence was confirmed by using Big Dye Termination v3.1 Cycle Sequencing Kit (Applied Biosystems) and Genetic Analyzer 3100 (Applied Biosystems).
Isotyping of anti-Bz monoclonal antibody
Isotyping of the anti-Bz antibody was performed using the rat monoclonal antibody isotyping kit containing anti-rat IgG1, IgG2a, IgG2b, IgG2c, IgM, κ, and λ chain (AbD Serotec).
Construction of an expression vector for a protein with Strep-tag II
In order to incorporate the Strep-tag II sequence, 5 cassette DNA was made by the hybridization of oligonucleotides Strep-f (5′-TCGAGAGCGCGTGGAGCCACCCGCAGTTCGAAAAA TAAGC-3′) and Strep-r2 (5′-TCAGCTTATTTTTCGAACTGC GGGTGGCTCCACGCGCTC-3′) in 10 mM Tris-HCl (pH 7.4) with 10 mM MgCl2. The cassette DNA was inserted into the XhoI and Bpu1102I sites of pET32b(+) (Novagen) (designated pET32-Strep).
Cloning of antibody V-genes
Rat/mouse hybridomas (9 × 10 7 cells) producing anti-Bz monoclonal IgG were collected by centrifugation. Cells were resuspended in 1 ml of RNAsafer Stabilizer Reagent (Omega Bio-tek) and stored at -20°C until later use. The total mRNA was purified from hybridomas using QuickPrep mRNA Kit (GE Healthcare). The cDNAs of the antibody variable regions were amplified from the purified mRNA using the One-Step RT-PCR Kit (Qiagen) according to the manufacture's instructions. The primers used in the amplification reaction were as follows: VH5′ primer Mix 6 (VH5′-1: 5′-CAGGTYCARCTGCAGCAGYCTGG 3′, VH5'-2: 5′-GAGGTYCAGCTGCARCARTCTGG-3′, VH5'-3: 5′-CAGGTGCAGCTGAAGGAGTCAGG-3′, VH5'-4: 5′-GARGTGAAGCTGGTGGARTCTGG-3′, VH5'-5: 5′-GAGATCCAGCTGCAGCAGTCTGG-3′, VH5'-6: 5′-CAGATCCAGTTGGTGCAGTCTGG-3′) and RatG2aCH1 (5′-ACAGATGGGGCTGTTGTTTCAG-3′) for VH amplification, Light Primer Mix (GE Healthcare) and RatVKCH1 (5′-GATACAGTTGGTGCAGCATCAGC-3′) for VL amplification. The resulting cDNAs were gel-purified, and cloned into pCR-II using the ZeroBlant TOPO Cloning Kit (Invitrogen) for sequence determination. Sequences of plasmids from several positive clones were determined by BigDye sequencing, and the nucleotide sequences of VH and VL were analyzed using online tools: IMGT/V-QUEST and IMGT/JunctionAnalysis. 7 Each complementary determining region (CDR) of the cloned V-genes was determined according to Chothia's definition. 8 For the bacterial expression of V-genes, VH and VL were reamplified with primer pairs BzVH2-5′Sac (5′-GATATAGAGCTCCGAGGTGAAGCTGGTGGAGTC-3′) and BzVH2-3′Sal (5′-GATATAGTCGACCTGAGGAGACTG TGACCATG-3′) for VH and BzVL2-5′Sal (5′-GATATAGTCG ACGAAATCCAGATGACACAGTCTC-3′) and BzVL2-3′Xho (5′-GTGGTGCTCGAGTTTCAATTCCAGCTTGGTG-3′) for VL, and the gel-purified DNA fragments were ligated with pET22-BAP(D101S) (designated pET22-BzVH-BAP(D101S)) and pET32-Strep (designated pET32-BzVL-Strep), respectively. The plasmids were then transformed into E. coli BL21(DE3).
Expression and purification of VH-BAP(D101S) fusion protein
A single colony was picked up from the BL21(DE3) plate and cultured in 5 ml of LB medium (10 g/L tryptone, 5 g/L yeast extract, 2.5 g/L NaCl supplimented with 100 µg/ml ampicillin) overnight at 37°C. Subsequently, the culture was inoculated to 1 L of an auto-induction medium (modified ZYP-5052: 9 10 g/L tryptone, 5 g/L yeast extract, 50 mM Na2HPO4, 50 mM KH2PO4, 25 mM (NH4)2SO4, 0.5% glycerol, 0.05% glucose, 0.2% lactose, 1 mM MgSO4, and 100 µM FeCl3) containing 100 µg/ml ampicillin, and incubated at 37°C for 3 h, and then further incubated at 24°C for 24 h. The cells were harvested by centrifugation at 2000g for 20 min and frozen at -80°C.
The cells were thawed and resuspended in 40 ml of 1 × His buffer (50 mM phosphate (pH 7.8), 500 mM NaCl). The cell suspension was sonicated for 4 × 30 s and centrifuged at 15000g, 4°C for 30 min. The supernatant was filtered through a 0.45-µm filter and applied onto 5 ml of a HisTrap HP column (GE Healthcare) equilibrated with 1 × His buffer. The column was washed with 15 ml of 1 × His containing 50 mM imidazole, and the bound protein was eluted with 1 × His with 500 mM imidazole. The eluates were exchanged for their buffer using 4 × 5 ml of HiTrap Desalting columns (GE Healthcare) with PBS and concentrated using an ultrafiltration device VivaSpin6 10K (GE Healthcare) to the working concentration. The proteins were analyzed by 15% SDS-PAGE.
Expression and purification of Strep-tagged Trx-VL fusion protein
A single colony was picked up from the BL21(DE3) plate and cultured in 5 ml of LB medium containing 100 µg/ml ampicillin overnight at 37°C. The culture was inoculated to 1 L of SuperBroth (32 g/L tryptine, 20 g/L yeast extract, 5 g/L NaCl, supplemented with 100 µg/ml ampicillin and 1.25 ml of 4 M NaOH) and incubated at 37°C for 3 h. Subsequently, the culture was further incubated at 24°C for 24 h. The cells were harvested by centrifugation at 2000g for 20 min and frozen at -80°C. The cells were thawed and resuspended in 40 ml of 1 × His buffer. The cell suspension was sonicated for 4 × 30 s and centrifuged at 15000g, 4°C for 30 min. The supernatant was filtered through a 0.45-µm filter and applied onto 5 ml of a Strep-Tactin Superflow HP column (IBA) equilibrated with Buffer W (100 mM Tris (pH 8.0), 150 mM NaCl, 1 mM EDTA). The column was wased with 25 ml of Buffer W, and the bound protein was eluted with Buffer E (100 mM Tris (pH 8.0), 150 mM NaCl, 1 mM EDTA, 2.5 mM desthiobiotin). Eluates were pooled and exchanged for its buffer using 4 × 5 ml of HiTrap Desalting with PBS, then concentrated using VivaSpin6-10K.
The proteins were analyzed by 15% SDS-PAGE.
Open sandwich ELISA using VH-BAP(D101S) and Trx-VL proteins
A 96-well microtiter plate (Nunc-immunoplate Maxisorp; Nunc, Denmark) was incubated with 100 µl of Trx-VL protein in PBS (10 µg/ml), overnight at 4°C. The plate was washed three times with 300 µl of TBST (25 mM Tris (pH 7.4), 137 mM NaCl, 2.68 mM KCl, 0.05% Tween-20), and blocked with 300 µl of Starting Block blocking solution (PIERCE) for 5 min. The plate was washed once with TBST, and 100 µl samples of 100 µg/ml VH-BAP(D101S) with Bz at various concentrations in TBST were added to each well. The plate was incubated for 2 h at 24°C, and washed three times with TBST. Then, 100 µl of alkaline phosphatase substrate (1-Step PNPP; Takara-Bio, Japan) was added into the respective wells and incubated for 30 min. Then, 50 µl of 2 M NaOH was added to terminate the reaction, and the absorbance was measured at 405 nm. The limit of detection was calculated to be three-times the standard deviation of a blank value.
Results and Discussion
Design of OS-ELISA assay system for Bz detection
In order to detect Bz noncompetitively, we designed an assay format for OS-ELISA, as shown in Fig. 1 . For detecting the Bz-dependent association of VH-VL, we cloned the catalytic region of the BAP gene from bacterial genomic DNA to fuse genetically with the VH fragment. The Asp residue at position 101 of the BAP protein was mutated to Ser because the D101S mutation was known to enhance the phosphatase activity with a higher Vmax than a wild-type enzyme. 10 To express the VL fragment, we chose Trx-tag as a fusion partner. Trx-tag has been used as a fusion tag for proper folding and soluble expression of many exogenous proteins. 11 We used Trx-tag not only for a solubility enhancer, but also for a passive immobilization to an ELISA plate. This was considered to reduce the possibility of interference of the VH/VL interaction by a potentially unfavorable immobilization mode of the VL fragment. Moreover, we incorporated a Strep-tag II sequence into the pET32 vector as an affinity-tag for purification of the Trx-VL fusion protein. The Strep-tag II is a short peptide (8 amino acids, WSHPQFEK), which binds with high selectivity to the Strep-Tactin protein. 5, 12, 13 Strep-tag II allows affinity chromatography on immobilized Strep-Tactin under physiological conditions, enabling active Strep-tagged proteins that can be obtained in a single step with high purity. 14 
Cloning of an anti-Bz antibody variable regions
First, we determined the isotype of the anti-Bz antibody using a commercially available isotyping kit; the isotype was identified as IgG2aκ (data not shown). According to the result, the VH and VL cDNAs were amplified from reverse-transcribed mRNA derived from the hybridoma using isotype-specific constant region primers. As shown in Fig. 2 , some bands due to nonspecific amplification were seen in agarose gel analysis of the product from the reverse transcription PCR, but the proper size fragments for VH and VL were also amplified. The bands with correct size were isolated and digested by compatible restriction endonucleases; then, the VH fragment was ligated to pET22-BAP(D101S) for the expression of VH-BAP(D101S), and VL was inserted into pET32-Strep for Trx-VL, respectively. The nucleotide and the deduced amino acid sequences of cloned V-genes are shown in Fig. 3 . 
Expression and purification of VH-BAP(D101S) and Trx-VL proteins
Primarily, pET vectors are used for an inducible expression system in which T7 RNA polymerase transcribes coding sequences cloned under the control of a T7/lac promoter, and typically isopropyl-β-D-thiogalacto-pyranoside (IPTG) was used as an inducer. Recently, several reports demonstrated successful protein expression by utilizing an auto-induction medium that contained specific components which after an initial period of tightly-regulated, uninduced growth, automatically induced IPTG. 9, 15, 16 target protein expression without A super-rich medium, such as SuperBroth, is also used for "leaky" protein expression by an auto-induction mode. 17 These methods are known to provide higher yields of soluble target protein and greater convenience compared to conventional IPTG induction, by omitting monitoring the bacterial growth and adding an expensive inducer at the proper growth stage. 15 Indeed, we found that protein expression by standard IPTG induction was not able to produce a soluble form of VH and VL (data not shown). Therefore, we tested auto-induction systems as to whether they would work for the expressions of VH-BAP(D101S) and Trx-VL.
Small-scale protein expressions of VH-BAP(D101S) and Trx-VL were performed using a modified ZYP-5052 auto-induction medium or SuperBroth for 24 h at 24°C or 37°C. It was found that most of the Trx-VL proteins were expressed as an insoluble form under all of the conditions tested, but soluble Trx-VL was found at higher levels in the case of SuperBroth for 24 h at 24°C (Fig. 4a) . The VH-BAP(D101S) was also found to be predominantly insoluble, and it was unclear which condition was optimal (Fig. 4b) . However, we found that the supernatant from the culture grown in auto-induction medium at 24°C showed substantial BAP activity (data not shown). Thus, we decided to use the auto-induction medium for VH-BAP(D101S) and SuperBroth for Trx-VL, respectively.
Next, large-scale expressions and affinity purifications of VH-BAP(D101S) and Trx-VL were performed. The former protein was purified by a Ni 2+ -chelate affinity column, and the latter was purified using a Strep-Tactin column. As a result, both of the V-gene fusion proteins were purified to near homogeneity, with approximate yields of 1.5 mg/L culture for VH-BAP(D101S) and 3 mg/L culture for Trx-VL (Fig. 5) .
Open sandwich ELISA using VH-BAP(D101S) and Trx-VL proteins
Using purified VH-BAP(D101S) and Trx-VL proteins, OS-ELISA for Bz detection was carried out. The Trx-VL protein was directly immobilized on immunoplate wells. The wells were washed and blocked; then, VH-BAP(D101S) with Bz at various concentrations was added and incubated. Then, the BAP activity was detected by a colorimetric substrate for alkaline phosphatase. Clearly, a dose-dependent increase of the BAP activity in the wells was shown, indicating a Bz-induced formation of the VH-BAP(D101S)/Bz/Trx-VL complex (Fig. 6) . On the other hand, the wells without Trx-VL did not show such a signal increase. Moreover, benzoic acid (1 mg/ml) was also not able to induce the association of VH and VL (data not shown). These results indicated that OS-ELISA can noncompetitively and specifically detect a low dose of Bz (∼280 ng/ml).
Conclusions
We cloned VH and VL genes of anti-Bz antibody, and successfully expressed and purified VH and VL fusion proteins as soluble forms. Furthermore, an OS-ELISA assay system for the noncompetitive detection of Bz was constructed by using affinity-purified recombinant antibody fragments. However, for food and beverage industries, more sensitive and rapid Bz detection method is desirable. A promising approach is to apply the OS immunoassay with our VH and VL fragments to a realtime assay system, such as surface plasmon resonance (SPR) and quartz crystal microbalance (QCM) sensors. Because Trx-VL is a Strep-tagged protein, it is easy to immobilized on an SPR sensor chip via Strep-Tactin or anti-Strep-tag monoclonal antibody available. More importantly, since the VH fragment is fused to BAP, it is likely to be able to detect Bz even at a very low concentration that cannot be detected by ELISA. As recent reports on the SPR immunoassay, [18] [19] [20] SPR signal enhancement may be achieved by utilizing an alkaline phosphatase substrate reagent, such as nitro blue tetrazolium chloride (NBT)/5-bromo 4-chloro-3-indolyl phosphate (BCIP), that produces insoluble precipitates by BAP activity derived from the VH-BAP/Bz/Trx-VL trimolecular complex formed on an SPR sensor chip. This kind of undertaking is now proceeding in our laboratories.
